Introduction
It is known that semiconductor materials have attracted a large amount of interest, and they have been applied widely in information technology areas. As a third-generation semiconductor material, SiC has been widely studied [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . As known, the group 14 elements have many structural phases at different conditions [11] [12] [13] , so there are a large number of polytypes for the SiC crystal [2] . The polytypes can be divided into three groups, namely, cubic (C), hexagonal (H), and rhombohedral (R) structures. And, the 3C polytype (β-SiC) with a zincblende structure is the most simple polytype.
Recently, the nanoparticle SiC was used in superconductor to enhance the critical current density [7] . It is proved that the addition of nanosized SiC particles in the ultrahigh-temperature ceramics can not only impart a better oxidation resistance but also improve the flexural strength [8] . Lomello et al. studied the processing of nano-SiC ceramics to establish a correlation between the microstructural features and the mechanical behaviour [9] . Furthermore, Wang et al. reported a new temperature-dependent fracture strength model for the ZrB 2 -SiC composites [10] . In recent years, the graphene extremely appeals for a wide range of applications [14, 15] . To make the large-area epitaxial grapheme samples and the large-scale production of graphene-based devices appear feasible, many works about the epitaxial graphene on SiC have been performed [16] [17] [18] [19] , and they all obtained the considerable achievements. With the development of technology, more and more new structures of silicon carbides are constantly presented. By using genetic algorithm, the novel low-energy sp 3 -hybridised framework structure of the group 14 elements was proposed, which is a cagelike distorted tetragonal structure consisting of 12 atoms per unit cell with the P4 2 /mnm (No. 136) symmetry [20] .
For P4 2 /mnm-Si, the Si atoms occupy 4d and 8j Wyckoff positions. We replace the Si atoms by C atoms at 4d and 8j positions, respectively, and then two structures of Si 8 C 4 and Si 4 C 8 are obtained. In the present article, we studied the structural, elastic, and electronic properties of Si 8 C 4 and Si 4 C 8 systematically.
Computational Method
Based on the first principles calculations, the structural optimisations of the P4 2 /mnm silicon carbides were performed using the density functional theory (DFT) [21, 22] with the local density approximation (LDA) [23, 24] , and the generalised gradient approximation (GGA) parameterised by Perdew, Burke, and Ernzerrof (PBE) [25] as implemented in the Cambridge Serial Total Energy Package (CASTEP) code [26] . The Broyden-Fletcher-GoldfarbShanno (BFGS) [27] minimisation scheme was used in geometry optimisation. When the total energy is 5.0 × 10 −6 eV/atom, the maximum ionic Hellmann-Feynman force is 0.01 eV/Å, the maximum stress is 0.02 GPa, and the maximum ionic displacement is 5.0 × 10 −4 Å, the structural relaxation will stop. For Si 12 , Si 8 C 4 , Si 4 C 8 , and C 12 , the energy cutoff is 390, 390, 390, and 410 eV, respectively. For the Brillouin-zone sampling, the Monkhorst-Pack scheme [28] is 5 × 5 × 3, 6 × 6 × 3, 6 × 6 × 4, and 5 × 5 × 3 for Si 12 , Si 8 C 4 , Si 4 C 8 , and C 12 , respectively.
Results and Discussions

Structural Properties
The crystal structure with 12 atoms per unit cell, the X 24 rugby ball unit and the 1 × 2 × 2 supercell structure of P4 2 /mnm silicon carbides are illustrated in Figure 1 . The black and blue spheres represent C and Si atoms, respectively. Figure 1(a) , (b), and (c) are for Si 8 C 4 , and Figure 1(d) , (e), and (f) are for Si 4 C 8 . The P4 2 /mnm structure is a cagelike distorted sp 3 -hybridised framework structure. The X 24 rugby ball unit (shown in Fig. 1(b) and (e)) has two square, eight pentagonal, and four hexagonal faces. It can form a crystal by the X 24 rugby balls with sharing faces. As seen in Figure 1(c) , one can find that, for Si 8 C 4 , the Si atom bonded with two C atoms and two Si atoms, the C atom bonded with four adjacent Si atoms. By contrast, for Si 4 C 8 in Figure 1(f) , the Si atom bonded with four adjacent C atoms and the C atom bonded with two C atoms and two Si atoms. Furthermore, along c-axis, the rugby ball unit connects with each other by the Si-Si or C-C bonds, respectively. Along the a-and b-axes, the rugby ball unit connects with each other by sharing the hexagonal face.
The calculated atomic positions of P4 2 /mnm structures are listed in Table 1 . The lattice parameters and the specific bond lengths of P4 2 /mnm structures are presented [20] .
in Table 2 . Compared with the previous results of Si 12 and C 12 [20] , our calculations are in an excellent agreement with them. We can find that there are three kinds of bond lengths for each structure; the Si 12 and C 12 have three kinds of Si-Si bonds and C-C bonds, respectively; the Si 8 C 4 has two kinds of Si-Si bonds and one kind of Si-C bond; and the Si 4 C 8 has two kinds of C-C bonds and one kind of Si-C bond. Furthermore, the lattice parameters a and c, the cell volume per formula unit V 0 , and the bond lengths are decreasing with the decrease of Si atoms.
Elastic Properties and Anisotropy
It is known that the elastic constants are important to the mechanical properties in practical applications. Because the bond energy of C-C bond is larger than that of Si-Si bond, we can expect that the elastic constants of Si 4 C 8 are larger than those of Si 8 C 4 . The calculated crystal elastic constants C ij are shown in Table 3 . Obviously, it conforms our expectation, the more the C-C bonds, the larger the elastic constants. And, C 33 is larger than C 11 , indicating along the c-axis direction, the Si 8 C 4 and Si 4 C 8 have better incompressibility. In addition, for a stable tetragonal structure, the criteria for mechanical stability are given by [29] 
The calculated elastic constants of Si 12 , Si 8 C 4 , Si 4 C 8 , and C 12 are all satisfied to above formulas, indicating that these structures are mechanically stable. Previous phonon calculations for Si 12 and C 12 have confirmed that they are dynamically stable [20] . To ensure the dynamical stability of P4 2 /mnm silicon carbides, we calculated the phonon spectra of Si 8 C 4 and Si 4 C 8 (see Fig. 2 ). As seen, there is no imaginary frequency in the whole Brillouin zone, so we could conclude that Si 8 C 4 and Si 4 C 8 are dynamically stable.
The average bulk modulus B, shear modulus G, Young's modulus E, and Poisson's ratio ν calculated by the Voigt-Reuss-Hill approximations [30] [31] [32] and the B/G ratio are shown in Table 3 . The Voigt bound is obtained by the average polycrystalline modulus based on an assumption of uniform strain throughout a polycrystalline and is the upper limit of the actual effective modulus. We can obtain the B V and G V from the elastic constants C ij [30] : 
The Reuss bound is obtained by assuming a uniform stress and is the lower limit of the actual effective modulus. We can obtain the B R and G R from the elastic constants C ij [31] : 11  22  33  23  22  33  13  33 12  1  12  23  12  13  12  13  23  13  23 [ 
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The arithmetic average of them is called Voigt-ReussHill approximations, and we can obtain the B and G [32] :
where subscript V denotes the Voigt bound, and R denotes the Reuss bound. Typically, after the deformation, we can extrapolate the hardness from the size of indentation. For a hard material, the high bulk modulus can support the decrease of volume, and the high shear modulus can ensure that the deformation of the material will be in a right direction created by the applied load. So, the bulk and shear modulus are pretty important while analysing the properties of materials. The calculated bulk modulus of Si 8 C 4 is 124 GPa, which is larger than that of Si 12 (72 GPa) and smaller than that of Si 4 C 8 (204 GPa) and C 12 (353 GPa). This suggests that the Si 4 C 8 has a stronger ability to resist the uniform compression than Si 8 C 4 , and the ability of C 12 is the strongest. According to Teter [33] , the shear modulus is a better parameter to qualitatively predict the hardness to a large extent. So, from Table 3 , we can find that the shear modulus of Si 12 (42 GPa) is the smallest, and it is about 46 %, 75 %, and 89 % smaller than that of Si 8 C 4 (78 GPa), Si 4 C 8 (169 GPa) and C 12 (379 GPa), respectively, indicating that with the diminishing content of Si atoms, the hardness is increased.
For crystal physics and engineering science, the fracture resistance is represented by the bulk modulus B, and the plastic deformation resistance is represented by the shear modulus G. The ratio of bulk to shear modulus (B/G) proposed by Pugh [34] is an indication of ductile or brittle character. The high B/G ratio is associated with ductility, whereas the low value corresponds to brittle nature. If B/G > 1.75, the material behaves in a ductile way [35] ; other wise, the material behaves in a brittle way. From Table 3 , it can be seen that the B/G ratio of P4 2 /mnm phase Si 12 , Si 8 C 4 , Si 4 C 8 , and C 12 is 1.72, 1.59, 1.21, and 0.93, respectively, which is all <1.75. Thereby, the P4 2 /mnm phase Si 12 , Si 8 C 4 , Si 4 C 8 , and C 12 all are brittle.
To get more information about the elastic properties, Young's modulus E and Poisson's ratio ν are calculated. As a measure of the stiffness of a solid material, Young's modulus E is defined as the ratio between stress and strain. And, when a material receives the tension or compression in unidirectional, the absolute value of the ratio of transverse contraction strain to longitudinal extension strain is called Poisson's ratio ν. They are given by the following equations [32] :
From If the values are not 1.0, representing the elastic anisotropy. B a , B b , and B c are the bulk modulus along the a-, b-and c-axes, respectively, which can be calculated as follows [36] : In addition, we calculated the directional dependence of elastic anisotropy by using the ELAM code [37, 38] . For an isotropic material, the 2D figure should appear perfectly round, while the deviation of the actual shape exhibits the anisotropy. The 2D representation of Young's modulus in different planes are revealed in Figure 3 , the left column (a), (b), and (c) are for Si 8 C 4 , and the right column (d), (e), and (f) are for Si 4 C 8 . From this figure, we found that, for Si 8 C 4 , the minimal value of Young's modulus is 160 GPa and the maximal value is 196 GPa, the ratio E max /E min = 1.23. For Si 4 C 8 , the minimal value is 343 GPa and the maximal value is 402 GPa, the ratio E max /E min = 1.17. So, both of them exhibit an elastic anisotropy, and the changes of Si 8 C 4 along the different directions are more severe. We can see that the maximal value of Young's modulus is on the z-axis, which also conforms the result that C 33 is the largest in the calculated elastic constants. Figure 4 shows the 2D representation of shear modulus G, the left column (a), (b), and (c) are for Si 8 C 4 , and the right column (d), (e), and (f) are for Si 4 C 8 . The black solid line represents the maximum, and green dashed line represents the positive minimum. For Si 8 C 4 , G min = 72 GPa and G max = 115 GPa, the average of G along all directions is 75 GPa, which is close to the 78 GPa shown in Table 3 . For Si 4 C 8 , G min = 149 GPa and G max = 183 GPa, the average of G along all directions is 170 GPa, which is very close to the calculated value (169 GPa) from (10) . And, the ratio of maximum to minimum is 1.6 and 1.23, respectively, indicating an elastic anisotropy. The 2D representation of Poisson's ratio ν in different planes is shown in Figure 5 , the left column (a), (b), and (c) are for Si 8 C 4 , and the right column (d), (e), and (f) are for Si 4 C 8 . The black solid line represents the maximum, the red dashed line represents the negative minimum, and the green dashed line represents the positive minimum. For Si 8 C 4 , -0.06 ≤ ν ≤ 0.33, we can found that in some particular directions, there will be negative Poisson's ratio. For Si 4 C 8 , 0.075 ≤ ν ≤ 0.23. Compared with the aluminum 0.347, they both show a relatively high stiffness. And, they also exhibit the elastic anisotropy.
Electronic Properties
Calculated electronic band structures of P4 2 /mnm silicon carbides at 0 GPa are plotted in Figure 6 . The black dashed line represents the Fermi level (E F ). The red dot and green dot represent the conduction band minimum (CBM) and the valence band maximum (VBM), respectively. The band structure of Si 8 C 4 is shown in Figure 6 (a), the CBM locates at (0.214, 0.214, 0.500) along the Z-A direction, and the VBM locates at (0.476, 0.476, 0.500) along the Z-A direction, and the band gap is 0.74 eV. The band structure of Si 4 C 8 is shown in Figure 6 (b), the CBM is at (0.231, 0.231, 0.500) along the Z-A direction, and the VBM locates at M point, and the band gap is 0.15 eV. By observing the CBM and the VBM, we conclude that the Si 8 C 4 and Si 4 C 8 are both the indirect semiconductors. It is known that the band gap calculated by DFT usually should be 30-50 % smaller than the actual values, so the actual band gap will be larger. We also calculated the band gap of C 12 and Si 12 , and their band gaps are 4.60 and 1.32 eV, respectively, close to the values 4.55 and 1.28 eV reported in previous works [20] . The changes of band gap are shown in Figure 7 , and we found that with the decrease of Si atoms, the band gap is diminishing, except for the C 12 , whose band gap is much larger than other structures. As we know that for the efficient optoelectronic devices, the value of band gap is crucial. Thereby, we could artificially control the silicon content to choose the needed value.
The density of states (DOSs) of Si 8 C 4 is shown in Figure 8 (a), and its main features are summarized as follows: (a) the valence band region can be divided into four parts, the first part (-15 to -11 eV) is characterised by the contributions of C-s states, the second part (-11 to -8 eV) is mainly due to the Si-s states, and the third part (-8 to -6 eV) is originated from the contributions of C-p and Si-s states. The fourth part (-6 to 0 eV) is mainly due to the mixture of C-p and Si-p states; moreover, in this part, the partial DOS for both C-p and Si-p are very similar, reflecting the significant hybridisation between these two orbitals, and showing a strong covalent interaction between the C and Si atoms; (b) The conduction band region is mainly characterised by the Si-p states; (c) The DOS near Fermi level is mainly originated from the Si-p orbital electrons. Meanwhile, the Si 4 C 8 is shown in Figure 8(b) , and its main features are similar to the Si 8 C 4 : (a) the valence band region can be divided into two parts, the first part (-18 to -11 eV) is due to the contributions of C-s states, and the second part (-11 to 0 eV) is mainly characterised by the C-p states. The conduction band region is mainly due to the mixture contribution of C-p and Si-p states with the covalent bonding; (b) The C-p and N-p orbitals in the range of -11 to 7 eV have the significant hybridisation and a strong covalent interaction; (c) The DOS near Fermi level is mainly originated from the mixture contributions of C-p and Si-p orbital electrons.
Conclusions
In summary, we have performed two new P4 2 /mnm phase of Si 8 C 4 and Si 4 C 8 , and systematically investigated the structural, elastic, and electronic properties using the first principles calculations. The calculated elastic constants and phonon spectra reveal that the Si 8 C 4 and Si 4 C 8 are mechanically and dynamically stable. And, the calculations on the bulk modulus, shear modulus, Young's modulus, and Poisson's ratio all exhibit an elastic anisotropy. By calculating the electronic band structures, we conclude that Si 8 C 4 and Si 4 C 8 are both indirect semiconductors, and their band gaps are 0.74 and 0.15 eV, respectively. In the P4 2 /mnm structures, with the decrease of Si atoms, the band gap is diminishing, except for the C 12 , so we can choose the needed band gap by controlling the silicon content artificially. Furthermore, we analyse the specific contributions to different parts of the DOS. We believe that more and more theoretical and experimental works will be carried out soon on the novel silicon carbides.
